Abstract-A new time-domain-reflectometry-based method has been recently developed that provides accurate determinations of the dielectric constant of printed wiring board dielectrics over the frequency range of 0.1 GHz to 10 GHz. The longterm measurement reproducibility, as well as the short-term measurement repeatability, of that method were investigated and the results are reported here.
I. INTRODUCTION
A NEW time-domain-reflectometry (TDR) measurement method has been reported recently for measuring the high-frequency (0.1 GHz to 10 GHz) relative dielectric constant values, , of printed wiring board (PWB) materials [1] . The advantages of this method over other methods are: simple sample fabrication (no chemical or photolithographic process), fast data acquisition and parameter extraction (under 3 min to acquire the sample and reference data), inexpensive and easy to use (TDR-capable oscilloscope), accurate (agreement with frequency-domain methods is better than 1%), and robust (insensitive to position of sample in sample holder). These attributes make the method suitable for both the laboratory and factory-floor environments.
This paper reports the long-term (greater than one year) reproducibility and short-term (less than one hour) repeatability of measurements performed on four different samples, using the new TDR method. (Definitions of and conditions for repeatability and reproducibility of measurements can be found in [2] or references therein.) Each of the four samples (see Fig. 1 ) has a different dielectric and physical dimensions (see Table I ). The samples were prepared by using a routing tool so that the conductor extends to the edge of the dielectric and completely covers the large parallel surfaces of the dielectric: this coverage is important because of the model used to extract the dielectric constants [1] . The sample holder used initially for this study was improved relative to that used to obtain the results reported in [1] 
II. EXPERIMENTAL
Measurement sets for each of the four samples were taken over a period exceeding 400 days. A measurement set consists of five pairs of acquired waveforms where each pair includes a reference waveform and a sample waveform. The reference waveform is obtained with the sample holder in place but without the sample. Both sample and reference acquired waveforms are the result of 512 waveforms internally averaged in the oscilloscope. For each waveform pair taken for a given sample, a relative dielectric constant value, (where refers to the sample number; to the measurement day, U.S. Government work not protected by U.S. copyright. ; and to the waveform pair, ) was obtained. Average values and standard deviations of the ( and ) were then calculated for each of the measurement days for each sample. The purpose for calculating and was to determine the short-term measurement repeatability. The samples were placed in an airtight container with a desiccant after day 70.
The number of elements (or sampled points) used per waveform was 2048. This number was chosen because measurement results with 2048 elements exhibited less variation than those from 1024-or 512-element waveforms. More than 2048 elements did not decrease variation in measurement results. The effect of element number on measurement variation is consistent with the parameter extraction process, namely, that the extracted is based on average values of three specific regions from the reference waveform and their corresponding regions in the sample waveform [1] . These waveform regions exhibit nominally steady-state voltage values that correspond to the pulse baseline, the pulse amplitude into 50 , and the pulse amplitude reflected from the load impedance. The load impedance is either an open circuit (reference measurement) or the sample impedance. Increasing the number of elements in the waveform reduces noise and variation in by improving the statistics of the average values of the steadystate regions and by increasing the accuracy of determining the location and duration of these regions [1] .
III. RESULTS
Some of the measurement results, the and values, are shown in Fig. 2 and Table II. (The values in the rows with "day" entries of A through F were obtained using a redesigned sample holder; this will be discussed later.) Table III Table III were obtained using a redesigned sample holder; this will be discussed later.) We can see from the data of Table II that the shortterm measurement repeatability (one standard deviation) varies from about 0.3% to 2.5%. The larger deviations are usually caused by one spurious waveform; spurious here meaning that the waveform values deviate a few percent relative to the average. Even though this type of spurious data may be easily identified and rejected by an experienced user, this would not necessarily be the case for a factory-floor operator. Consequently, these spurious waveforms are included in computing the average values, , and uncertainties, , shown in Table II . Possible causes for the spurious waveform include sample insertion repeatability and oscilloscope fluctuations. The oscilloscope, however, was ruled out as a significant contributor because spurious waveforms were not observed for baseline waveforms. The baseline waveform is obtained Fig. 3 . Sketch of sample holder with sample in place. The sample is tilted 2 from the perpendicular to exaggerate the effect of tilt on sample electrical contact. from measurements made with the sample holder removed and the TDR input port either unterminated (open circuit) or terminated by a short circuit. Sample insertion being the cause of the occasional spurious waveform is supported by the fact that the reference waveform (without the sample) does not vary more than the baseline waveforms whereas sample waveforms do vary more than the baseline waveforms. To further test whether sample insertion repeatability was the cause of the occasional spurious waveform, the measurement was implemented in two different ways and the corresponding values compared. In one implementation, values of were obtained using one sample waveform and unique reference waveforms and, in the second implementation, values of were obtained using unique reference waveforms and unique sample waveforms. It was observed that the variation in for the first implementation was approximately four times less than that of the second implementation.
We can also see from Table II and Fig. 2 that measurement variation over the test period is low, especially for sample . Sample may have exhibited the largest because it was thin and would sway after being placed in the sample holder. This movement would affect the electrical location of the sample within the sample holder (see Fig. 3 ), which would then affect the amplitude of the average values of the steady-state waveform regions used to extract . The and are good indicators of measurement repeatability:
indicates the average variability in measurement values and indicates the scatter or variation in measurement repeatability. The situation where (the scatter in measurement repeatability is greater than the average repeatability) implies the existence of spurious waveforms and, consequently, the potential to improve the measurement process by removing the cause of the spurious waveform. On the other hand, if , then measurement repeatability improvement is probably not possible. For all four samples here, , which implies improvement to the measurement process may be possible. The relative long-term reproducibility can be obtained from in Table III : 0.1% for , 0.7% for , 0.2% for , and 0.1% for . The large value for was probably caused by poor sample holder design, as will be discussed later. Longterm reproducibility also provides a measure of drift in the measurement process, and the values presented here indicate very low drift.
In an attempt to reduce the scatter in the measurement repeatability, the sample holder was redesigned. This sample holder is very similar to the one shown in Fig. 3 except that the sliding ground contact has been modified (see object labeled "new ground contact" in Fig. 3 ). The modified ground contact has four full-width knife-edge contacts. The knife-edge contacts were expected to reduce possible contact repeatability problems at the base plate and sample by forcing the contacting areas to be at very distinct and reproducible locations, namely, at the knife edges. The rows labeled A through F in Table II  and the two rightmost columns of Table III show the results of the six measurement sets taken with the new sample holder for each of the samples and . We can see from the data shown in Table III that the new sample holder reduced the scatter in measurement repeatability significantly for and . The new sample holder also reduced of to values similar to those for the other samples. This improvement was probably due to the reduced effect of sample sway on the measurement: it was observed that when was forced to sway using the new sample holder, the observed TDR waveform was stable. However, the average variation in the measurement, indicated by , did not change when using the new sample holder. To determine if the values of shown in Table III are a limitation of the measurement system (and, therefore, unavoidable), additional tests were performed. In these tests, six sets of values for were obtained using one common sample waveform per set and five unique reference waveforms per set. This group of measurements yielded 0.019 and 0.004. This value of , 0.019, is based on one unique waveform in a measurement pair, whereas in practice both the reference and sample waveforms are unique. If we assume that the variation in measurements can be described by a Gaussian distribution, then the effect of variations in both the reference and sample waveforms should yield a lower limit to measurement variation of approximately . This value, 0.027, is consistent with that observed (see the two rightmost columns in Table III ).
IV. CONCLUSIONS
The long-term reproducibility error of this TDR-based PWB dielectric constant measurement method is less than 0.2% for samples , , and and less than 0.7% for over a period exceeding 400 days. The larger variation by can be attributed to the design of the old sample holder. The short-term repeatability varied between 0.3% and 2.5%, with an average of around 1%, when using the old sample holder and this variation was probably dominated by sample insertion repeatability. The redesigned sample holder improved ground contact repeatability and reduced the effect of sample tilt and sway. With the new sample holder, the short-term repeatability varied between 0.1% to 0.9% with an average of less than 0.5%.
